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7KH RFXODU DQGPRWRU HTXLOLEULXPRI WKH YLVXDO V\VWHP LV HQVXUHG E\ QRUPDO RFXODUPRYHPHQWV DQG DQ\ QHXUDO RFXODU DQG
PRWRUGLVRUGHUVDQ\YLVXDOEHKDYLRXURUQRQYHUEDOFRPPXQLFDWLRQFDQEHWUDFHGWKURXJKWKHDQDO\VLVRIWUDMHFWRULHVUHFRUGHG
WKURXJK GLIIHUHQW PHWKRGV 7KH WKHRUHWLFDO EDFNJURXQG RI WKH H\H PRYHPHQWV¶ DQDO\VLV LV IRXQGHG RQ WKH HVWDEOLVKPHQW RI
PRYHPHQW HTXDWLRQV RI WKH H\HEDOO DV WKH\ FRQVLGHU LW D VROLG ERG\ZLWK D IL[HG SRLQW 7KH H[WHULRU DFWLRQV WKH RUGHU DQG
H[HFXWLRQ RI WKH PRYHPHQWV DUH HQVXUHG E\ WKH QHXUDO DQG PXVFXODU H[WHUQDO V\VWHP DQG WKXV WKH SRVLWLRQ VWDELOLW\ DQG
PRYHPHQWV RI WKH H\H FDQ EH TXDQWLILHG WKURXJK WKH PHWKRG RI UHYHUVH NLQHPDWLF 7KH SXUSRVH RI WKHVH UHVHDUFKHV LV WKH
GHYHORSPHQW RI DQ DFTXLVLWLRQPHWKRGRORJ\ GDWD SURFHVVLQJ DQG UHFRUGLQJ UHJDUGLQJ WKH H\HPRYHPHQWV 7KHPHWKRGRORJ\
GHYHORSHGLQWKLVUHVHDUFKLVEDVHGRQWKHLPDJHDFTXLVLWLRQRIWKHH\HPRYHPHQWVE\PHDQVRIDQH\H WUDFNLQJW\SHGHYLFHRQ
YLVLEOH UDGLDWLRQWKURXJKZKLFKWKHSRVLWLRQRIWKHYLVXDOV\VWHPUHODWHGWRDVHULHVRIVWDWLFDQGG\QDPLFVWLPXOLVKRZHGRQWKH
PRQLWRU LV EHLQJ DQDO\VHG $OVR WKH H\HPRYHPHQWV DUHEHLQJ WUDFNHGZLWK WKHKHOSRI D YLGHR FDPHUD DQG WKH DSSURSULDWH
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 ,QWURGXFWLRQ
7KHRFXODUDQG PRWRU YLVXDOV\VWHPUHSUHVHQWHGE\QRUPDORFXODU PRYHPHQWVFKDUDFWHUL]HVDQGGHWHUPLQHGWKH





LV'DQGWKHLPDJHVHQVRU\ ± WKH UHWLQD  LV ' ,QRUGHUWRREWDLQDTXDOLW\ LPDJHDORQJRWKHUGHPDQGVIURPDQ
DQDWRPLFDOELRFKHPLFDOELRSK\VLFDORUELRORJLFDOSRLQWRIYLHZ WKHPRYHPHQWPDGHE\WKLVFRPSOH[RSWLFV\VWHP
LQ WKH WULRUWKRJRQDO D[LV V\VWHP 2;<= PXVW DOVR EH DQDO\]HG DORQJ ZLWK WKH HODVWLFLW\ RI WKH PXOWLOD\HUHG
FU\VWDOOLQH
)URP WKH DQDO\VLV PDGH LQ WKH PHGLFDO ILHOG RQ YLVXDO VWDELOLW\ D FRQIRUPLW\ EHWZHHQ WKH SURFHVV RI
DFFRPPRGDWLRQRIWKHFU\VWDOOLQHDQGWKHPRYHPHQWVPDGHE\WKHH\HLQWKHD[LVV\VWHPSUHVHQWHGLQILJXUHZDV
GLVWLQJXLVKDEOH
)LJ &RRUGLQDWHV\VWHPV LPPRELOHLQVSDFH ;<= DQG LPPRELOHRQWKHH\H [ \ ]
,Q RUGHU WR EH DEOH WR GHYHORS D PDWKHPDWLFDO PRGHO RI WKLV FRPSOH[ SURFHVV VRPH VLPSOLILFDWLRQ EDVLF
K\SRWKHVLV DUHPDQGDWRU\
D WKHH\HLVWKHRQO\PRELOHV\VWHPIURPWKHHQWLUHERG\ ± WKH REMHFWVSDFH
E WKHVXUIDFHRIWKHUHWLQDLVDSSUR[LPDWHGZLWKDVSKHULFDO FDSKDYLQJWKHFXUYHFHQWHULQWKHPLGGOHRIWKH
URWDWLRQRIWKHRFXODUJOREHDQGV\PPHWULFDOFRQFHUQLQJWKHRSWLFDOD[LV








$VLWFDQEHVHHQIURP ILJ WKHIL[HGV\VWHPRID[HVLQVSDFH ;<= KDVWKHVDPHRULJLQDVWKHIL[HGV\VWHPRI
D[HVIURPWKHH\H [\]ZKLFKDOVRFRLQFLGHVZLWKWKHH\H¶VURWDWLRQFHQWHU7KHRSWLFDOD[LVLVVROLGDU\ZLWK 2\ D[LV
DQGLVGHILQHGDVEHLQJWKHD[LVZKLVKXQLWHVWKHH\H¶VURWDWLRQFHQWHUZLWKWKHFHQWHURILWVHQWUDQFHSXSLO%HWZHHQ
WKHWZRV\VWHPVRIFRRUGLQDWHVWKHUHLVDUHODWLYHSRVLWLRQ GXULQJWKHLPDJHIRUPDWLRQSURFHVVZKLFKLVGHWHUPLQHG
E\ DEJIXQFWLRQV WLPHIXQFWLRQVZKLFKDUHLQIDFWLQGHSHQGHQWSDUDPHWHUV ± (XOHU¶VDQJOHV (DFKREMHFWSRLQW
ZLWKWKH0FRRUGLQDWHV ;<= IURPWKHIL[HGV\VWHPLVUHSUHVHQWHGLQWKHPRELOH V\VWHPWKURXJKWKHUWSRVLWLRQ
YHFWRU JLYHQE\WKHIROORZLQJUHODWLRQVKLS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U U U  uZ 
ZKHUH U GHULYDWLYHLQUHODWLRQWRWKHWLPHRI U Z  WKHYHFWRURIWKHDQJOHVSHHGRIWKHV\VWHPLQPRYHPHQW
WKHH\HZKLFKSUHVHQWVWKH Z[Z\Z] FRPSRQHQWV
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(DFK U  6 SRLQW RIFRRUGLQDWHV [\] KDVDFRUUHVSRQGHQWWKURXJK WKHRSWLFDOV\VWHPRQWKHUHWLQDOVXUIDFH




















ZKHUH F  WKHFXUYHUDGLXVRIWKHVSKHUHXVHGIRUWKHDSSUR[LPDWLRQRIWKHH\H
)LJ'HILQLQJWKHSURMHFWLRQRIWKHH\HUHWLQDRIWKHREMHFWSRLQWVVXUIDFHREVHUYDWLRQVXUIDFH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7KHWKLUGFRRUGLQDWHLV U DQGLWLVGHILQHGDVWKHGLVWDQFHEHWZHHQWKHSXSLODQGWKHREVHUYDWLRQVXUIDFHREMHFW
DVKDYLQJWKHIROORZLQJUHODWLRQ
 U    [ \ F ]   


























$VLWFDQEHREVHUYHGIURPWKHGHILQLWLRQHTXDWLRQVRIWKHVHDQJOHVDQGDVWKH [\ DQG ] FRRUGLQDWHVDUHQRWWLPH
GHSHQGHQWIXQFWLRQVDVORQJDVWKH T DQG I DUHUHSRUWHGWRWKHUHWLQDDQGWKHPRELOHV\VWHP 7KHQ WKHFRRUGLQDWHV
;<= FDQEHUHEXLOWIURP [\] FRRUGLQDWHVDIWHUNQRZLQJWKHYDOXHRI ZWKHRQO\XQNQRZQIDFWRU HYHQWKRXJK
WKHYDOXHVRIWKHT DQG I DQJOHVDUHDOVRNQRZQ ZKRVWLOOUHPDLQVGLIILFXOWWRHVWLPDWHDVLWLVWKH UGLVWDQFH7KXV
WKH WZR Z DQG U VL]HV DUH GHWHUPLQHG E\ HVWDEOLVKLQJ UHODWLRQV EHWZHHQ WKHP WKH DQJXODU VSHHG RI HDFK TDQG
ISURMHFWHGSRLQWDQGRIWKH TDQG I DQJOHV %\DSSO\LQJWKHGLIIHUHQWLDOWRWKHDERYHV\VWHPLQUHODWLRQWRWKHWLPH
DQGE\WKHQUHSODFLQJWKHYDOXHVRIWKHWHPSRUDOGHULYDWLRQV  [\]  DUHODWLRQEHWZHHQ ZUTITI DQG UZLOO
UHVXOW 7KXV RQH FDQ H[SUHVV WKH UHODWLRQVKLS RI WKH GHULYDWLRQ LQ UHVSHFW WR WKH UWLPH DV EHLQJ JLYHQ E\ WKH
IROORZLQJUHODWLRQVKLSWDNLQJLQWRDFFRXQWWKHH[SUHVVLRQRIWKHLQWHUPHGLDU\VL]H URZKLFKUHSUHVHQWVWKHGLVWDQFH
EHWZHHQWKHRULJLQRIWKHV\VWHPDQGWKHSRLQWRIWKHREMHFWVXUIDFH



















































































UGLVWDQFHDQGWKHWKUHHFRPSRQHQWVRIWKHH\H¶VDQJXODUVSHHG Z[ Z\ Z] ± DQGRQO\RIWZRHTXDWLRQVZKLFKPHDQV
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WKDW WKH SUREOHP FRQFHUQLQJ WKH XQLTXH GHWHUPLQDWLRQ RI WKH SRLQW¶V VSDFH FRRUGLQDWHV ; < = UHSUHVHQWV DQ
LQGHWHUPLQDWLRQVLWXDWLRQ,QWKHVHFRQGLWLRQVVRPHDGGLWLRQDOFRQGLWLRQVDUHHVWDEOLVKHGOLNHWKHIROORZLQJ
 WKHDQJXODUVSHHGRIWKHHQWLUHYLVXDO ILHOG LVWKHVDPH
 RQO\WKH U GLVWDQFHFKDQJHVGXULQJWKHLPDJHIRUPDWLRQ
 DVFKDVDIL[HGYDOXHLWFDQUHSUHVHQWD VFDOHIDFWRUZKLFKZLOOWKHQGHWHUPLQHWKHVFDOHRIWKHV\VWHP¶V
VROXWLRQVWKHVKDSHRIWKHUHWLQDGRHVQRWFKDQJHLQWLPH F FRQVW ,QRUGHUWREH DEOHWRVROYHWKHHTXDWLRQVV\VWHP
LQ WKHDGGLWLRQDOFRQGLWLRQVH[SUHVVHGDERYH WKHUHKDV WREHDQHOHFWLRQRIDQDVVHPEO\RIDW OHDVW WKUHHGLIIHUHQW
SRLQWRQWKH UHWLQDZKLFK ZLOOSUHVHQWWKHVDPHOLJKWLQJSURSHUWLHV>@
 ([SHULPHQWDOVHWXS
7KH SHUFHSWLRQ RI RSWLFDO VWLPXOL LV D FRPSOH[ SURFHVV IRU WKH YLVXDO V\VWHP ZKLFK LV PDGH OLNH D ³GLUHFW
VXEMHFWLYHUHIOHFWLRQ´LQWKHIRUPRIDQLPDJHRIWKHH[WHULRUREMHFWVDQGSKHQRPHQDZKLFKDFWDWRQHSRLQWRQWKH
KXPDQVXEMHFW WKURXJKWKHHQWLUHDVVHPEO\RI WKHLUFKDUDFWHULVWLFVDQGFRPSRQHQWV>@7KXV LQWKHIRUPDWLRQDQG
GHYHORSPHQW RI SHUFHSWLYH DFWLRQV DQ LPSRUWDQW UROH LV HQVXUHG E\ WKH SK\VLFDO DQG V\QHUJLF SURFHVVHV RI ERWK
RSWLFDOZD\VELQRFXODUYLVLRQ7KH H[SHULPHQWDOV\VWHPLVFRQFHLYHGDQGGHYHORSHGLQVXFKDPDQQHU WKDWLWFDQ
DOORZ WKH UHFRUGLQJ RI WKHVH SK\VLFDO SURFHVVHV DV PDFURPRYHPHQWV WUDFNLQJ PRYHPHQWV DEUXSW PRYHPHQW
FRQYHUJHQFHIL[DWLRQ PRYHPHQW HWF DQG RI WKH RFXODU PLFURPRYHPHQWV UHVSHFWLYHO\ WXEHV YHUVLRQV FLUFXODU





WKH OXPLQRXV VWLPXOLZLWKD YDULDEOHSRVLWLRQDQG WKHQ WKHSURFHVVLQJRI WKH LPDJHV IURP WKH VHTXHQFHVDFTXLUHG
ZLWK.LQRYHD VRIWZDUH LQRUGHU WRGHWHUPLQH WKHJUDSKLFVRI WKH WUDMHFWRU\PDGH LQ WKH WUDFNLQJPRYHPHQW7KH
PDLQHOHPHQWIURPWKLVV\VWHPLVWKHHOHFWURQLFPRGXOHZLWK$5'8,128125 PLFURFRQWUROOHUDQRSHQVRXUFH
SURFHVVLQJSODWIRUPFDSDEOHRI WDNLQJGDWDIURPWKHHQYLURQPHQWDQGPDNLQJDVHULHVRIQHFHVVDU\DFWLRQVWKURXJK
SURJUDPPLQJ)RU WKLV WHVWDVXEMHFWZLWK WKH DJHRI\HDUVQRQVPRNHUZLWKRXWDQ\UHIUDFWLRQYLFHVZLWKQR
QHXURQDOSUREOHPVRURWKHUPHGLFDOLOOQHVVHVZDVFKRVHQ 7KHWHVWZDVPDGHLQWKHPRUQLQJVRWKDWWKHH\HVZHUH
UHVWHG WDNLQJ LQWR DFFRXQW WKH IDFW WKDW WKH WHVW LPSOLHG VKRUW DQG OXPLQRXV IODVKHVZKLFK FDQPDNH WKH VXEMHFW
WLUHG>@
7KH/('VSDQHOZDVVHWDWFPDZD\IURPWKHVXEMHFWDQGSRVLWLRQHGLQRUGHUWRKDYHWKHFHQWHURIWKHSDQHOLQ
IURQW RI WKH H\HV¶ D[LV RI V\PPHWU\ 7KURXJK WKH SURJUDPPLQJ OLQHV DQ LGHDO WUDMHFWRU\ LV HVWDEOLVKHG IRU WKH
VXFFHVVLYHOLJKWLQJRIWKH/('VDFFRUGLQJWRWKHIROORZLQJURXWH (%)$&$'&) DQG ' 7KLV
URXWHKDVEHHQFKRVHQWRWHVWWKHWHQZD\VRIORRNLQJWDNLQJLQWRDFFRXQWWKHIDFWWKDWH\HVFDQPRYHYROXQWDULO\LQ
DQ\ SDUW RI WKH VLJKW KRUL]RQWDOO\ YHUWLFDOO\RU VLGHZD\V7KH WHQGLUHFWLRQVRI H\HPRYHPHQWV DUH WR WKH ULJKW
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GRZQZDUGV LQIUDYHUVLRQ GRZQ DQGWRWKH ULJKW GH[WURLQIUDYHUVLRQ GRZQ DQGWRWKH OHIW OHYRLQIUDYHUVLRQ
DQGWKHH[WUHPLWLHVRIWKHWZRFRUQHDPHULGLDQV WRWKH ULJKW GH[WURF\FORYHUVLRQ DQGWRWKH OHIW OHYRF\FORYHUVLRQ
)LJ5HFRUGLQJV\VWHPIRURFXODUPRWLOLW\ DQDO\]HOHIWDQGLGHDOWUDMHFWRULHVULJKW>@
7KHVXEMHFWZDVDEOH WR IROORZHDFKVWLPXOLZLWKRXWDQ\PDMRUSUREOHPVDVKH MXVWKDGVOLJKWKHVLWDWLRQVDQG
DEUXSWQHVV LQ WKHDGMXVWPHQW:LWK WKHKHOSRI WKH LPDJHSURFHVVLQJSURJUDP WKHUHVXOWHGYLGHRZDV DQDO\]HG E\
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$QXPEHU RI  GHWHUPLQDWLRQVZDVPDGH IRU HDFK H\H DQG WKHQ DQRWKHU  IRU ELQRFXODU YLVLRQ DOVRZLWK WKH
SUHVHQWDWLRQRQ OXPLQRXV VWLPXOL LQ V VWHSVDQG V UHVSHFWLYHO\ IROORZLQJ WKDW WKHGDWDEHFRPSDUHGHDFK
WLPHZLWK WKH LGHDO WUDMHFWRU\ ,Q WKLVVHQVH WKURXJKFRUUHODWLYHFDOFXOXV LWZDVIRXQG WKDW WKHGHYLDWLRQ IURPWKH
LGHDOWUDMHFWRU\RIWKHUHFRUGHGWUDMHFWRU\FRRUGLQDWHV IRUHDFKH\HHQWHUVLQWRDSHUFHQWDJHRIXQGHU ZKLFK
LQGLFDWHVDJRRGFRUUHVSRQGHQFHZKLFKFDQEHH[SORUHGRQODUJHUVXEMHFWVDPSOHV 7KHHQYLURQPHQWDOFRQGLWLRQVDV
ZHOO DV WKH SV\FKLF DQG SK\VLRORJLFDO VWDWH RI WKH VXEMHFWV UHSUHVHQWV WKH HVVHQWLDO HOHPHQWV IRU WKH FRUUHODWHG
LQWHUSUHWDWLRQRIUHVXOWVEXWWKH\FDQDOVREHDQDO\VLVHOHPHQWVIRUWKHLUEHKDYLRU
$FNQRZOHGJHPHQWV
7KLV SDSHU LV VXSSRUWHG E\ WKH 6HFWRULDO 2SHUDWLRQDO 3URJUDP +XPDQ 5HVRXUFHV 'HYHORSPHQW 623 +5'
,' ILQDQFHG IURPWKH(XURSHDQ6RFLDO)XQGDQGE\WKH5RPDQLDQ*RYHUQPHQW
5HIHUHQFHV
>@ YRQ1RRUGHQ *.&DPSRV (& %LQRFXODUYLVLRQDQGRFXODUPRWLOLW\0RVE\ 3XEOLVKLQJ86$
>@ %RUFKHUW 06 3ULQFLSOHVDQG7HFKQLTXHVRIWKH([DPLQDWLRQRI2FXODU0RWLOLW\DQG$OLJQPHQW&KDSWHU&OLQLFDOQHXURRSKWKDOPRORJ\
 S
>@ %DULW] 0, 7KHVWXG\RIFRPSOH[SURILOHVWKURXJKFRPSOHPHQWDU\PHWKRGV,QIRPDUNHW 3XEOLVKLQJ%UDVRY5RPDQLD
>@  ZZZNLQRYHDRUJDFFHVVHG LQ 0D\
>@ 7DQDVH '$QDOL]DELRPHFDQLFDDSHUIRUPDQWHORUVLVWHPXOXLYL]XDO8QLYHUVLWDWHD7UDQVLOYDQLD%UDVRY
